Heavy metal pollution in soil and water is a global environmental concern. In Sri Lanka, accumulation of heavy metals in soil, water and plant/animal biomass has been widely reported. Phytoremediation, the use of plants and their associated microbes, is an emerging, low-cost, environmental-friendly approach in the cleanup and prevention of environmental pollution. Indian Mustard (Brassica juncea) has been widely used to extract toxic metals from contaminated soils worldwide. Sri Lanka has a genetically diverse mustard collection, but their phytoextarctive potentials are yet to be determined. Present study was conducted to evaluate variation in phytoextractive ability of soil-borne heavy metals by ten different mustard accessions. Heavy metal contents (Mn, Co, Pb and Zn) in 12-week-old mustard plants (whole plant) were estimated during Maha and Yala in 2007-2008 using Atomic Absorption Spectroscopy. Heavy metal content in soils where the plants were grown was also assessed during the two seasons. Soil Mn and Co concentrations were significantly high in Maha than in Yala. Difference in heavy metal concentrations in mustard accessions between the two seasons was not significant. However, significantly high concentrations of Mn were found in accessions 7788, 515 and 8831 (236, 225, 220x10 2 µg/g). Cobolt (Co) was significantly high in accession 5088 (238x10 2 µg/g). Lead (Pb) concentrations were significantly high in accessions 8831 (156x10 2 µg/g) and 5088 (148x10 2 µg/g) and Zn was significantly high in accession 501 (6413x10 2 µg/g). The study suggests that screening the entire mustard germplasm in Sri Lanka is worthwhile to identify potential heavy metal accumulators.
INTRODUCTION
An extensive area of the world is contaminated with organic and inorganic pollutants including heavy metal pollutants (Ensley, 2000) . Organic pollutants include solvents like trichloroethylene (TCE) (Newman et al., 1997) , herbicides, atrazine (Burken and Schnoor, 1997) , explosives like trinitrotoluene (TNT) (Hughes et al., 1997) , hydrocarbons such as oil, gasoline, benzene, and toluene (Schnoor et al., 1995) and fuel additives, methyl tertiary butyl ether (Hong et al., 2001) . Inorganic pollutants include plant macronutrients such as nitrates and phosphates, micronutrients, Cr, Cu, Fe, Mn, Mo, Ni and Zn and nonessential elements, As, Cd, Co, F, Hg, Se, Pb, V and radionuclides, 238 U, 137 Cs and 90 Sr (Dushenkov, 2003) . Human activities such as mining, transport, agriculture, waste disposal and military actions frequently release these inorganic pollutants in high and toxic concentrations.
Due to their unassailable nature, metals are a group of pollutants of much concern. The danger of toxic metals is aggravated by their almost indefinite persistence in the environment. Heavy metals cannot be destroyed but can only be transformed from one oxidation state or organic complex to another (Marques et al., 2009) .
In Sri Lanka and other regions in South Asia, the heavy metal and organic pollutant contamination already pose a severe threat to human and ecosystem health (World Health Organization, 2003) . There are only a few published reports available on the nature of soil and water contamination in Sri Lanka (Bandara, 2003; Dissanayake et al., 2007) . However, large areas of soil and water contain high levels of heavy metals such as Cd, Cu, Co, Ni and Zn and other pollutants due to various human actions (Dissanayake et al., 2002) . Industrial effluents, agriculture residues, domestic waste water and solid waste have contributed largely to heavy metal contamination on land and in both surface and ground water resources (Bandara, 2003) . Cadmium is available in considerable amounts __________________________________________ *Corresponding author's email: shy_ou_2003@yahoo.com.au in soils, water, plant and animal biomass in the dry zone (Bandara, 2006) . Phytoremediation, the use of plants and their associated rhizospheric microorganisms to remove, degrade, or immobilize various contaminants from polluted soils, sediments, groundwater or surface water, is a novel strategy. Metal hyperaccumulator plant species are able to accumulate at least 0.1% of the leaf dry weight in a heavy metal (Baker and Whiting, 2002) . This is a low cost and eco-friendly means of reclaiming heavy metal contaminated soils (Rajakaruna et al., 2006) . The cost of growing crops is minimal compared to those of soil removal and replacement. As biological processes are ultimately solar-driven, phytoremediation is on average ten-fold cheaper than engineering-based remediation methods (Marques et al., 2009) . A limitation of phytoremediation is that the plant roots have to be able to reach the pollutant and act on it. Therefore, the soil characteristics, toxicity level, and climate have to be amenable to plant growth. Furthermore, the pollutant must not only be within physical reach of the roots, it must be bioavailable for absorption as well (Pilon-Smits and Freeman, 2006) . Phytoextraction is the most commonly recognized of all phytoremediation technologies. This involves removal of heavy metals from soil by means of plant uptake. This technology is based on the capacity of the roots to absorb, translocate, and concentrate toxic metals from soil to the above ground harvestable plant tissues. This localization results in a reduction of the contaminated mass and also in the transfer of the metal from an aluminosilicatebased matrix (soil) to a carbon-based matrix (plants). The carbon in the plant material can be oxidized to carbon dioxide, further decreasing (and concentrating) the mass of material to be treated, disposed, or recycled (Blaylock and Huang, 2000) . In practice, metal-accumulating plants are seeded or transplanted into metalpolluted soil and are cultivated using established agricultural practices. The roots of established plants absorb metal elements from the soil and translocate them to the above-ground shoots, in leaves and other parts of shoots. After sufficient plant growth and metal accumulation, the aboveground parts of the plant are harvested, a process referred to as phytomining. Phytomining is a "green" technology that uses metalhyperaccumulating plant species to extract metals from soil, harvest the biomass and burn it to produce bio-ore (Brooks et al., 1998; Robinson et al., 2009) . This results in the permanent removal of metals from the site.
Phytoextraction is a long-term remediation effort which requires many cropping cycles to reduce metal concentrations . As a plant-based technology, the success of phytoextraction is inherently dependent upon proper plant selection. The selected plants must be fast growing and have the ability to accumulate large quantities of environmentally important metal contaminants in their shoot tissues (Blaylock et al., 1997; McGrath, 1998) .
Several plant families contain an unusually high number of hyperaccumulators. These plant families include Asteraceae, Brassicaceae, Euphorbiaceae, Fabaceae, Flacourtiaceae and Violaceae Dushenkov et al., 1995) . Members of the Brasicaceae are promising candidates for phytoextraction of metals. Different genera of the Brassicaceae are known to accumulate heavy metals such as Pb, Cd, Zn and Ni (Prasad and Freitas, 2003; Robinson et al., 2009) . Over the past decade, researchers have sought to perfect the phytoextraction remediation technology. The majority of phytoextraction research has focused on finding the ideal metal-accumulating plant and the means by which metals can be liberated from the soil for root uptake. At present, Indian mustard (B. juncea) is among the most viable candidates for the phytoextraction of a number of metals including Cd, Cr (IV), 137 Cs, Cu, Ni, Pb, U and Zn Blaylock et al., 1997; Zhu et al., 1999 ). An experiment was conducted by Kumar et al. (1995) to test many fast growing Brassica taxa for their ability to tolerate and accumulate metals, including mustard (B. juncea L.), black mustard (B. nigra Koch), turnip (B. campestris L.), rape (B. napus L.) and kale (B. oleracea L.). Although all Brassica taxa accumulated heavy metals, B. juncea showed the highest capacity to accumulate heavy metals in roots and translocate Cu, Cr (IV), Cd, Ni, Pb and Zn for shoot accumulation Jiang et al., 2000) . Kumar et al. (1995) also investigated possible genetic variations in different B. juncea accessions in the hope of finding some that have greater phytoextraction potential than others.
The evolution of the hyperaccumulator trait is believed to have occurred as a trait beneficial to the plant . The biological mechanisms of metal accumulation are diverse. However, a requirement for hyperaccumulation is the ability to efficiently tolerate high concentrations of metals within plant tissues . Further, the ecological role of metal hyperaccumulation is still uncertain. However, several studies have shown that metal-accumulating plants are better able to defend against fungal and insect attacks as well as herbivores (Boyd and Martens, 1998; Boyd, 2004) . Another hypothesis for the benefit of metal hyperaccumulation is "elemental allelopathy", which is the deterrence of colonization of other plants in the zone beneath hyperaccumulator plants (Zhang et al., 2007) .
Sri Lanka has a genetically diverse mustard (B. juncea (L.) Cazen) germplasm of over sixty accessions, stored in the gene bank of the Plant Genetic Resource Centre (PGRC) (PGRC Catalogue, 1999) . The term accession refers to seeds that have been gathered from a particular area and are now a part of a collection at a seed bank or plant-introduction station . Molecular studies with AFLP fluorescent markers on the genetic diversity of these mustard accessions showed the presence of highly diverse genetic variation among mustard germplasm in Sri Lanka (Weerakoon et al., 2008) . However, their phytoextarctive potentials are yet to be determined.
A field study was conducted in a site at Nagollagama, Maho in the Kurunegala District, where wide agricultural practices are undertaken. It is anticipated that soil is contaminated with heavy metals due to heavy use of fertilizer, herbicides and insecticides. A water quality assessment carried out in 2007 reported that there were Cr and Cu contaminations in water bodies in the Kurunegala District (Dissanayake et al., 2007) . In the present study, ten mustard accessions were selected from the mustard germplasm collection at PGRC and were used to assess the heavy metal phytoextractive ability of these accessions.
MATERIALS AND METHODS
Ten mustard accessions ((AC 501, 515, 580, 790, 1099 ((AC 501, 515, 580, 790, , 1814 ((AC 501, 515, 580, 790, , 2122 were planted in a study site at Nagollagama, Maho in the Kurunegala District. There were ten replicates for each mustard accession and the planting was done using a random block design (RBD). The plants were grown during the two seasons Yala (October 2007 to March 2008 and Maha (April to September 2008). Plant materials (whole plant) were harvested 12 weeks after planting and washed five times with distilled water. Plants were air-dried and then oven dried at 60
• C for 72 h and weighed. Dried plant tissue (0.5 g) was digested in 20 ml acid mixture of concentrated H 2 SO 4 : HClO 4 (4:1) and the final volume was made to 25 ml. The heavy metal content of Mn, Co, Pb, and Zn in the plant biomass of each mustard accession was determined (in µg/g oven dry weight) for plants grown in Maha and Yala using Atomic Absorption Spectrum (AAS) (Lindsay and Norvell, 1978) .
Ten soil samples were taken at 10 cm depth from the site at random and pooled into one sample. Three composite soil samples were taken for each season. Soil samples were crushed to pass through a 2 mm sieve and available heavy metals were extracted using Ammonium Bicarbonate-Diethyline Triamine Penta Acetic Acid as a multinutrient extractant (ABDTPA) (Soltanpour and Schwab, 1977) . These soil extracts were used to estimate heavy metal content using Atomic Absorption Spectroscopy (AAS) (Linn and Doran, 1984) . Soil heavy metal concentrations were expressed in µg/g of oven dried soil weight for Mn, Co, Pb and Zn.
For data analysis statistical software SAS 9.1 was used and comparisons were made at α = 0.05 level using Duncan's Multiple Range Test (DMRT).
RESULTS
There was no apparent difference in the heavy metal content in different mustard accessions during Maha and Yala seasons (Table  1) . However, different mustard accessions showed variation in their heavy metal accumulation capacity. Significantly high concentrations of Mn were found in accessions AC 7788, 515 and 8831. Cobolt (Co) was significantly high in accession AC 5088. Accessions AC 8831 and 5088 showed significantly high Pb concentrations and Zn was significantly high in accession AC 501 (Table  2) .
Heavy metal concentrations in soil were higher during Maha season compared to Yala season (soil Mn and Co concentrations were relatively high). Available Zn concentration (6515x10 2 µg/g) in soil was higher than that of other heavy metals in both seasons (Table 3) . Similarly, all mustard accessions had a higher Zn content in the biomass than other heavy metals during both seasons (Table 1) . 
DISCUSSION
Heavy metal pollution in soil and water is an environmental concern today. Metals and other inorganic contaminants are among the most prevalent forms of contaminants found at waste sites and their remediation in soil and sediments are among the most technically difficult. The projected cost for remediation of areas containing mixtures of heavy metals and organic pollutants by conventional means is estimated to be several billion US$ over the next decade (Prasad and Freitas, 2003) . However, phytoremediation technologies are on average ten-fold cheaper than conventional engineeringbased remediation methods (Marques et al., 2009) .
Although all the mustard accessions present in Sri Lanka are B. juncea (L.) Czern, they exhibit different phenotypes based on their geographic distribution in Sri Lanka (Weerakoon et al., 2008) . Molecular analysis with AFLP markers and cluster analysis of the results have confirmed that these accessions fall into five major clusters showing diverse genetic variation (Weerakoon et al., 2008) . Similarly, found that Indian mustard accessions also exhibit considerable phenotypic variation. Indian mustard accessions 426308, 211000, 426314 and 182921 are among the best suited for phytoextraction compared to several other accessions. Several researchers have confirmed the phytoremediation potential of these accessions over other B. juncea accessions (Blaylock et al., 1997; Ebbs and Kochian, 1998) .
A plant is said to be a hyperaccumulator if it can concentrate the pollutants in a minimum percentage which varies according to the pollutant involved. For heavy metals Ni, Cu, Co, Cr and Pb, a hyperaccumulator plant needs to contain over 1000 µg/g of leaf dry weight. For Zn and Mn, hyperaccumulator plants should contain above 10,000 µg/g leaf dry weight (Baker and Brooks, 1989) . The results of the present study have shown that all ten mustard accessions are effective accumulators of Mn, Co, Pb and Zn with varied heavy metal accumulation potentials among them.
Results of the present study indicate that different mustard accessions (genotypes) possess varying heavy metal accumulation capacity. All mustard accessions accumulated Zn than other heavy metals. This could be due to a higher content of Zn in soil than Mn, Co and Pb, due to a greater need for Zn in plants being an essential micronutrient or due to greater efficiency in absorbing Zn from soil than other heavy metals. Accession AC 501 showed a significantly high Zn accumulation than all other accessions. According to Ebbs and Kochian (1997) , B. juncea, B. napus and B. rapa are more effective at removing Zn from soil than Cu. However, further laboratory and field studies are needed for complete understanding of the hyperaccumulation capacity of these mustard accessions. The findings of the present study suggest that it is worthwhile screening the entire Sri Lankan mustard germplasm for their variability in phytoextraction potential, in order to identify heavy metal accumulators of great phytoextraction potential.
Although difference in heavy metal concentrations in mustard accessions between two seasons was not significant, Mn and Co concentrations in soil were significantly high in Maha than in Yala. During Maha, there was no limitation in soil moisture due to abundant rainfall. However, soil moisture considerably varied during Yala season. Fluctuation of soil macro and micro nutrients during Maha and Yala may have contributed to depletion of soil organic carbon (SOC) and increase in the C:N ratio as well as variation of soil pH. Soil colloidal particles provide large interface and specific surface areas, which play an important role in regulating the concentrations of many trace elements and heavy metals in natural soils (Marques et al., 2009 ).
In Sri Lanka, mustard cultivations are common and they are well adapted to grow in the Dry, Intermediate and Wet zones. Identification of mustard genotypes within local mustard germplasm for higher phytoextractive capacity is very useful. Selection and cultivation of such accessions in heavy metal contaminated areas will enable reclaiming these lands for better use in an eco-friendly and cost-effective manner. The present study revealed that three mustard accessions out of the ten were superior Mn, Co, Pb and Zn hyperaccumulators. Studies by Rajakaruna and Bohm (2002) and Rajakaruna and Baker (2004) 
